HEAVY ION IMPLANTATION INDUCED MARTENSITIC TRANSFORMATIONS IN NICKEL AND STAINLESS STEEL
Abstract.-Recent investigations have shown that ion implantation of metals at room temperature may induce diffusionless transformations resulting in either martensite formation or in amorphization. Rutherford backscattering analysis and transmission electron microscopy/diffraction have been used to investigate nickel and 316 stainless steel crystals implanted with 80 keV ~b + ions to fluences of 5 . 1 0~~ m-2. The resulting microstructure consists, beside dislocation tangles, of distributions of new phase particles 0.1-0.2 ym in size. Hcp particles with the Shoji-Nishiyama orientation relationship are formed in nickel, while stainless steel shows formation of bcc particles with the Nishiyama-Wassermann orientation relationship, both of which being well known from the field of martensitic transformations. RBS analysis shows that the antimony in nickel is incorporated substitutionally in the lattice even at concentrations % 20 at.%, while the antimony in stainless steel is distributed randomly throughout the implantation zone. In both materials the martensite particles are believed to form as a result of large stress concentrations, induced during implantation.
Introduction.-Heavy-ion im~lantation is a non-equilibrium process, where it is possible to alloy materials to concentration levels which far exceed the solid solubilities (1,2). Such implantations are associated with modifications of the matrix, which beside introduction of radiation damage often may lead to structural modifications, resulting for metals in formation of new crystalline phases or in amorphization (2,3). The new crystalline matrix phases which are generally formed under diffusionless conditions, frequently show orientation relationships which are well known from the field of martensitic transformations. Phosphorus implanted into nickel leads to hcp nickel formation, following the Shoji-Nishiyama orientation relationship ( 4 ) , and phoschorus or antimony implanted into 316 austenitic stainless steel leads to formation of a bcc phase following the Nishiyama-Wassermann rules (4,s).
In this work we present a combined transmission electron microscopy (TEM) and Rutherford backscattering (RBS) analysis of nickel implanted with antimony, and-compare the results with a similar investigation of antimony implanted 316 austenitic stainless steel ( 5 ) .
Experimental.-3 mm disc shaned TEM samples were spark-machined from coldrolled and annealed polycrystalline nickel sheets, and electropolished to perforation with an immersion jet. Single crystals for RBS analysis were prepared with a {IIO) surface by sparkmachining, followed by mechanical, vibrational and electrolytical polishing. All samples were implanted with 80 keV sb+ ions at room temperature under i d e n t i c a l c o n d i t i o n s i n a heavy-ion i s o t o p e s e p a r a t o r a t a p r e s s u r e b e t t e r t h a n 5 . 1 0 -~ Pa. The f l u x was 5 . 1 0~~ i0ns.m-?-sec-l and t h e t o t a l f l u e n c e was 5 . 1 0~~ ions-m-?. To avoid channeling e f f e c t s , t h e s i n g l e c r y s t a l s were d u r i n g i m p l a n t a t i o n t i l t e d lo0 away from normal i n c i d e n c e and r o t a t e d around an a x i s p e r p e n d i c u l a r t o t h e sample s u r f a c e .
RBS a n a l y s i s was made ' i n s i t u ' i n t h e i s o t o p e s e p a r a t o r u s i n g 400 keV ~e ? + i o n s and a s c a t t e r i n g a n g l e of 135O, g i v i n g a depth resol u t i o n o f 8-10 nrn.
R e s u l t s and a n a l y s i s . -Transmission e l e c t r o n microscopy shows t h a t t h e r a d i a t i o n damage c o n s i s t s of dense, h a r d l y r e s o l v a b l e d i s t r i b u t i o n s of c l u s t e r s and d i s l o c a t i o n t a n g l e s ( F i g . l a ) , which obscure t h e second phase p a r t i c l e s . t h e s e a r e , however r e v e a l e d from t h e presence of e x t r a s p o t s i n t h e d i f f r a c t i o n p a t t e r n s ( F i g . I b ) . w : Implanted n i c k e l c r y s t a l . ( a ) B r i g h t -f i e l d micrograph. 1 11 ) 1 1 (0001) hc, and
d i f f r a c t i o n p a t t e r n with hcp s p o t s . For d e t a i l e d indexi n g s e e r e f . ( 4 ) .

A d e t a i l e d a n a l y s i s shows t h a t t h e e x t r a s p o t s can be a s c r i b e d t o t h e presence of an hcp phase o r i e n t e d w i t h (
f o l l o w i n g t h e Shoji-Nishiyama r b l e w i t h commensurate close-pagked p l a n e s and d i r e c t i o n s . The d i f f r a c t i o n p a t t e r n ( F i g . I b ) from an Cool} m a t r i x g r a i n shows a l s o t h a t a l l f o u r v a r i a n t s a r e p r e s e n t . The u n i t c e l l parameters f o r t h e hcp phase a r e t o an accuracy of 1% c = 0,416 nm and a = 0,258 nm f o r F i g . I b , y i e l d i n g a c/a r a t i o of 1.61 and a n e a r e s t neighbour d i s t a n c e 2 2.5% l a r g e r i n t h e hcp t h a n i n t h e f c c pahse i n good agreement w i t h e a r l i e r o b s e r v a t i o n s on phosphorus i m p l a n t a t i o n s ( 4 ) . The hcp phase c a n n o t be a s c r i b e d t o a nickel-antimony compound of which o n l y one i s hcp, b u t w i t h l a t t i c e parameters q u i t e d i f f e r e n t from t h e observed v a l u e s ( 6 ) . The hcp phase can be made v i s i b l e i n d a r k -f i e l d microscopy a s p a r t i c l e s 0.1-0.2 um i n s i z e , u s i n g t h e e x t r a s p o t s f o r imaging ( F i g . 2 ) .
The s i m i l a r a n a l y s i s f o r 316 a u s t e n i t i c s t a i n l e s s s t e e l ( 5 ) The d i s t r i b u t i o n of antimony i n t h e i m p l a n t a t i o n zone i s o b t a i n e d from t h e RBS a n a l y s i s . F i g . 3 shows RBS s p e c t r a from a n i c k e l c r y s t a l b e f o r e and a f t e r i m p l a n t a t i o n . The s p e c t r a from t h e implanted c r y s t a l show t h r e e s i g n i f i c a n t f e a t u r e s . 1 ) The random spectrum shows t h e f u l l antimony p r o f i l e , w h i l s t very l i t t l e antimony i s s e e n i n t h e <I103 spectrum, 2) t h e r e i s v e r y l i t t l e RBS d i s o r d e r i n t h e implanted crys t a l , t o t h e e x t e n t t h a t t h e n i c k e l s u r f a c e peak i s r e t a i n e d i n t h e <110> spectrum, and 3) t h e dechanneling l e v e l i s c o n s i d e r a b l y l a r g e r f o r t h e implanted c r y s t a l t h a n f o r t h e unimplanted c r y s t a l .
Channel no F i g . 3 : RBS s p e c t r a from v i r g i n and implanted n i c k e l c r y s t a l . Channel no F i g . 4 : D i f f e r e n t RBS s p e c t r a from implanted n i c k e l c r y s t a l .
C4-512
JOURNAL DE PHYSIQUE Suppression of t h e antimony s i g n a l i n t h e <110> spectrum i n d i c a t e s t h a t t h e antimony i s l o c a t e d s u b s t i t u t i o n a l l y . T h i s i s f u r t h e r v e r i f i e d from F i g . 4 which shows <110>, < l o o > and < I l l > s p e c t r a t a k e n from t h e same c r y s t a l . 
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The antimony d i s t r i b u t i o n i n t h e i m p l a n t a t i o n zone a s f u n c t i o n of d e p t h , o b t a i n e d from F i g . 3 , i s shown i n F i g . 5 t o g e t h e r w i t h t h e theor e t i c a l d i s t r i b u t i o n o b t a i n e d from s t o p p i n g t h e o r y ( 7 , 8 ) . The broaden i n g and lowering of t h e e x p e r i m e n t a l d i s t r i b u t i o n i s a r e s u l t of t h e l i m i t e d depth r e s o l u t i o n of t h e RBS t e c h n i q u e . The i n t e g r a t e d a r e a dens i t y of r e t a i n e d antimony i s 1 . 8 . 1 0~~m -~ ( t h e o r y p r e d i c t s 2 . 6 * 1 0~~m -* ) , which i s an u n d e r s t i m a t e owing t o a l a r g e u n c e r t a i n t y i n t h e deep t a i l of t h e antimony d i s t r i b u t i o n , o r i g i n a t i n g from p a r t i a l c o a l e s c e n c e of t h e antimony peak w i t h t h e n i c k e l f r o n t edge o f F i g . 3 .
Less t h a n 10% of t h e r e t a i n e d antimony i s , however, s e e n under <110> c h a n n e l i n g cond i t i o n s i n d i c a t i n g t h a t a t atomic c o n c e n t r a t i o n s o f 10-20%, w e l l beyond t h e s o l u b i l i t y l i m i t (61, t h e antimony ends up s u b s t i t u t i o n a l l y , a lthough d i f f u s i o n i s assumed t o be n e g l i g i b l e a t t h e ambient implantat i o n temperature. T h i s s u b s t i t u t i o n a l behaviour o f antimony i n n i c k e l i s completely d i f f e r e n t from t h a t observed i n s t a i n l e s s s t e e l , where t h e antimony was d i s t r i b u t e d randomly throughout t h e i m p l a n t a t i o n zone ( 5 ) .
The RBS d i s o r d e r was i n s t a i n l e s s s t e e l observed t o approach t h e random l e v e l , and t h i s was a s c r i b e d t o t h e twelve d i f f e r e n t bcc v a r ia n t s a c t i n g a s a p o l y c r y s t a l l i n e l a y e r , a s s e e n by t h e a n a l y z i n g RBS beam (5).Furthermore,extension of t h e RBS d i s o r d e r t o a depth 3-5 times l a r g e r t h a n t h e expected damage d i s t r i b u t i o n was i n t e r p r e t e d a s owing t o bcc phase formation a s a r e s u l t of s t r e s s r e l i e f , n o t o n l y i n t h e i m p l a n t a t i o n zone i t s e l f b u t deep i n t o t h e u n d e r l y i n g , undamaged b u t h i g h l y s t r e s s e d m a t r i x ( 5 ) . I n n i c k e l , on t h e o t h e r hand, no RBS d i s o r d e r is s e e n i n t h e channeled s p e c t r a from t h e damaged m a t r i x ( F i g . 3 and 4 ) . This i s probably an e f f e c t of t h e p a r t i c u l a r o r i e n t a t i o n r el a t i o n s h i p f o r t h e hcp phase, such t h a t when t h e f c c m a t r i x i s o r i e nt e d f o r c h a n n e l i n g , t h e hcp p a r t i c l e s w i l l themselves be p o s i t i o n e d i n o r i e n t a t i o n s l i a b l e f o r i o n c h a n n e l i n g , e i t h e r a s a x i a l o r p l a n a r chann e l i n g ( 9 ) .
The f c c matrix/hcp second phase p a r t i c l e s a c t a s a composite whose e f f e c t on t h e a n a l y z i n g beam i s r e s t r i c t e d t o an i n c r e a s e d dechanneling l e v e l a s s e e n i n F i g . 3 , o r i g i n a t i n g p a r t l y from t h e r a d i a t i o n damage i n t h e i m p l a n t a t i o n zone and probably a l s o from t h e s m a l l m i s f i t a t t h e fcc/hcp i n t e r f a c e s . A s i m i l a r i n c r e a s e i n dechanneling was s e e n i n a n t imony implanted s t a i n l e s s s t e e l ( 5 ) .
Discussion.-R a d i a t i o n induced phase t r a n s f o r m a t i o n s of t h e t a r g e t mat r i x have e a r l i e r been observed f o r b o t h i o n , n e u t r o n and e l e c t r o n irradiations (5), and theoretically they have been discussed qualitatively using energy considerations (10). Ion irradiations, usually carried out at room temperature where diffusion is considered negligible, lead to transformations which may be classified as diffusionless. Neutron and electron irradiations have, on the other hand been carried out at elevated temperatures (5), where the new phases are believed to form in nucleation and growth processes (11, 12) , although it has been established that irradiation is a necessary prerequisite, as the transitions are not observed after thermal treatment alone (12). The radiation induced new phases may be stable, e.g. martensite or ferrite in austenitic stainless steel, or metastable such as the hcp phase in nickel. In this context it is significant that a reversed martensitic transformation has recently been observed in a martensitic steel where austenite was formed after nitrogen implantation (13).
Phase transformations following ion implantation were suggested to occur as a result of stress relief in the highly damaged implantation zone, rather than owing to implantation induced chemical, alloying and cascade effects ( 3 , 5 ) . This is compatible with our observations of the hcp phase formed in nickel and the bcc phase formed in austeriite after antimony implantation, where the particles of the new phases are up to an order of magnitude larger than the displacement cascades. Furthermore, the transformations have been observed to form also after implantation with other atomic species (3,5), after neutron irradiation (5,141 and in nickel also after cathode evaporation (15) and during electrodeposition (16). It is, however, owing to the observed substitutionality in nickel of the implanted antimony, possible that alloying effects in this particular system may promote the hcp transformation. The physical properties of the metastable, oversaturated Ni-Sb solid solution are unknown, but it is very likely that its stacking-fault energy is lower than that for pure nickel, as it is frequently seen for alloys in comparison with the pure metals (17), thus conceivably facilitating the transformation.
Nucleation of the martensite embryos is thought to occur on dislocations ( 1 8 ) , although the detailed mechanisms are unknown. There seems no reason to doubt, however, that the fcc + hcp transformation in nickel follows the well-known scheme with Shockley partial dislocations passing consecutively on every second < I l l > fcc plane. Dislocations are present in high densities and it is likely that Frank loops, formed during irradiation and possibly partially dissociated (13), in particular may generate the specific dislocations required for the transformations. Once nucleated, it is anticipated that the new phase embryos, as a result of stress relief expand to a size, to be determined energetically from a balance between the energy required to form the new phase plus the misfit energy of the interfaces on the one side, and on the other side the energy gained from the stress relief.
Conclusion.-Matrix phase transformations have been observed to occur in nickel and austenitic stainless steel implanted with high fluences of antimony ions. The transformations, occurring under diffusionless conditions and having well defined orientation relationships are for those reasons termed as martensitic. Stress relief is anticipated to supply the necessary driving forces for the transformations to occur. In nickel where the implantation zone is a supersaturated solid solution, the stress is thought to be more homogeneous than in stainless steel, where the antimony is randomly distributed. This difference in implantation behaviour could well induce further complexities in the detailed understanding of the transformation mechanisms.
